A number of pathogenic, Gram-negative bacteria are able to secrete specific proteins across three membranes: the inner and outer bacterial membrane and the eukaryotic plasma membrane. In the pathogen Yersinia enterocolitica, the primary structure of the secreted proteins as well as of the components of the secretion machinery, both plasmid-encoded, is known. However, the mechanism of protein translocation is largely unknown. Here we show that Y. enterocolitica polymerizes a 6-kDa protein of the secretion machinery into needles that are able to puncture the eukaryotic plasma membrane. These needles form a conduit for the transport of specific proteins from the bacterial to the eukaryotic cytoplasm, where they exert their cytotoxic activity. In negatively stained electron micrographs, the isolated needles were 60 -80 nm long and 6 -7 nm wide and contained a hollow center of about 2 nm. Our data indicate that it is the polymerization of the 6-kDa protein into these needles that provides the force to perforate the eukaryotic plasma membrane.
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electron microscopy ͉ bacterial pathogenicity ͉ cell contact assays ͉ protein translocation I n various Yersinia species, the secretion machinery is formed by about 25 different proteins (1), of which nine are broadly conserved and are found in other pathogens such as Salmonella, Shigella, Pseudomonas, Erwinia, Xanthomonas, and Ralstonia (2, 3) . Interestingly, the secretion apparatus of these bacteria is also functionally conserved, so that one system can successfully translocate proteins usually secreted by another system (4) (5) (6) . In Yersinia there are about 12 proteins called Yops (Yersinia outer proteins) that are secreted by the apparatus (7, 8) .
As Yersinia is not engulfed by the eukaryotic cell and as the exported proteins are not detected in the surrounding medium, the translocation process appears to be protected (9) (10) (11) . In Salmonella typhimurium and enteropathogenic Escherichia coli, filamentous surface appendages have been identified that might be involved in the translocation process (12, 13) . In E. coli, the surface structures containing the protein EspA are required for translocation of the protein EspB (13) . Apart from these filamentous appendages, needle-like surface structures have been described for S. typhimurium and Shigella flexneri (14) (15) (16) (17) . These needles contain the homologous proteins PrgI and MxiH, respectively, and are part of a cylindrical organelle that consists of at least three more proteins of the type III secretion system (14, (16) (17) (18) . However, it is not clear whether these structures are directly involved in the delivery of proteins into the eukaryotic cell or, alternatively, only mediate contact between the bacteria and the eukaryotic cell (19) .
So far none of these structures have been described for Yersinia enterocolitica. Two secreted proteins, YopB and YopD, have been suggested to be directly involved in the translocation process (20) (21) (22) . Indeed, both YopB and YopD have been reported to insert into liposomes and to form channels with high conductance (23) . However, the idea of a YopB͞YopD import pore in the host cell membrane has been challenged by studies of Y. enterocolitica strains carrying mutations in these genes.
These strains showed reduced virulence in the mouse model but were not affected in their ability to transport proteins into HeLa cells (24) .
In this study we show that Y. enterocolitica, like S. typhimurium and S. flexneri, assembles many needle-like surface structures during protein secretion. Analyses of the isolated needles indicate that they are composed of a single 6-kDa protein, with homologs in all type III secretion systems of animal pathogens. Our data indicate that the needles are hydrophobic. We propose that their assembly produces the necessary force for the perforation of the host membrane and that they form a conduit for the delivery of specific proteins from the bacterial to the eukaryotic host cell cytosol.
Materials and Methods

Bacterial Strains, Growth Conditions, and Preparation of Secreted
Proteins and Antibodies. The Y. enterocolitica strains used in this study are (i) WA-314 (serotype O:8); (ii) WA-314⌬yopD, which contains a nonpolar mutation of yopD; and (iii) WA-C, a plasmid-less derivative. The induction and preparation of secreted proteins were performed as described (25, 26) . To induce needle formation, bacteria were grown in Brain Heart Infusion (BHI) (Difco), Tryptic Soy Broth (TSB) (Difco), or LB medium (GIBCO). No needles were observed after growth in RPMI medium 1640 or DMEM (GIBCO). Bacteria without needles or the plasmid-cured WA-C strain were used as negative controls.
Wild-type virulence was tested by passage through mice and reisolation of the bacteria from the spleen. Antibodies against the synthetic YscF peptide NFSGFAKGTDITDLDAVAQTLK were prepared by Cocalico (Reamstown, PA).
Electron Microscopy. Samples were applied to glow-discharged, carbon-coated grids and negatively stained with 2% (wt͞vol) uranyl acetate or 1.5% (wt͞vol) sodium phosphotungstate at pH 6.8. The samples were viewed in a Philips CM 12 electron microscope at a nominal magnification of ϫ39,000 and an operating voltage of 100 kV. The number of needles per bacterium was assessed as described (18) .
Purification of the Needles. For the purification of the needles, bacteria were harvested by centrifugation (10 min at 10,000 ϫ g), washed twice in 20 mM Tris⅐HCl (pH 7.5), and sheared for 5 min on ice with a Polytron blender (Kinematica, Lucerne, Switzerland) at full speed. Unbroken cells and debris were removed (10 min at 10,000 ϫ g), and the supernatant was subjected to ultracentrifugation (1 h at 100,000 ϫ g). The presence of needles in this supernatant was detected by electron microscopy. One-milliliter aliquots of the supernatant were loaded onto 30-ml gradients of 10-30% sucrose (wt͞wt) in 20 mM Tris⅐HCl (pH 7.5) and centrifuged at 141,000 ϫ g for 20 h with a Beckman SW 28 rotor. Twelve fractions were collected and dialyzed against 20 mM Tris⅐HCl (pH 7.5). The top four fractions contained needles by electron microscopic analyses. They were combined, and needles were precipitated by the addition of 3 mM CaCl 2 (27) and centrifuged at 50,000 ϫ g for 30 min.
Assays for Contact Hemolysis and HeLa Cell Cytotoxicity. Contact hemolysis assays were performed essentially as described (20) . In some experiments, bacteria and sheep erythrocytes were not preincubated for 2 h at 37°C but were immediately resuspended in ice-cold PBS. The released hemoglobin was measured with a spectrophotometer (SmartSpec 3000; Bio-Rad) at 545 nm.
HeLa cells were grown in 6-well plates at 37°C in the presence of 5% CO 2 with DMEM supplemented with 5% FCS. At 80% confluency the cells were washed once with DMEM without supplements and then incubated with 100% DMEM, 100% TSB, or one of the following DMEM-TSB mixtures: 75%͞25%, 50%͞50%, or 25%͞75%. Three microliters of bacterial overnight cultures (OD 600 ϭ 0.5) was added to each 2-ml well. The plates were briefly centrifuged to bring the bacteria into contact with the HeLa cells and incubated at 37°C for 4 h. Pictures were taken hourly with a Zeiss light microscope equipped with a digital camera (Hamamatsu, Ichinocho, Japan) and phasecontrast optics. To check for the presence of needles, the medium was removed and the HeLa cells were incubated at room temperature with 0.2% digitonin per well. The digitonin extract was centrifuged for 10 min at 5,000 ϫ g, and the pellet was resuspended in a drop of water. The resuspended bacteria were deposited on a grid and examined by negative staining in the electron microscope. Finally, the contact assays were repeated with HeLa cells grown on Formvar͞carbon-coated 75-mesh nickel grids. After bacteria were added, the grids were incubated for up to 2 h at 37°C, before negative staining and examination in the electron microscope.
Hydrophobicity Assays. Needle preparations (3 ml) were overlaid with 500 l of n-hexadecane and briefly mixed, and the phases were allowed to separate at room temperature. To evaluate partitioning, 1 ml of the aqueous phase before and after the extraction was precipitated with trichloroacetic acid and analyzed by SDS͞PAGE. The hydrophobicity of the needles was also assayed by their attachment to latex beads and their aggregation upon salt addition.
SDS͞PAGE and Protein Analysis. Gel electrophoresis was performed with 16% Tris-glycine gels. To identify possible posttranslational modifications, YscF was enzymatically digested, and the resulting peptides were both sequenced and analyzed by matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (28) . (Fig. 1A) . Individual needles were 60-80 nm long and 6-7 nm wide and contained a hollow center of about 2 nm ( Fig.  1 B and E) . Although the dimensions of the needles were quite constant, longer needles with a length of up to 210 nm were occasionally observed. The number of needles per cell varied greatly and depended strongly on the medium used for cultivation. There were 50-100 needles per cell in BHI and TSB ( Fig.  1 A) , about 30 needles per cell in LB, and no needles at all in DMEM. Compared with wild type, no differences were found in the morphology of the needles of the yopD mutant (data not shown). Overall, the needles of Y. enterocolitica resembled those described for S. typhimurium and S. flexneri (14) (15) (16) (17) .
The purification of the needles was monitored by negativestain electron microscopy and SDS͞PAGE. The needles were mechanically sheared from the cells in a blender and could be detected by negative-stain electron microscopy in a 100,000 ϫ g supernatant. This supernatant contained many proteins (Fig. 1D,  lane 1) . To further enrich the needles, we subjected the supernatant to sucrose density gradient centrifugation and found the needles by negative-stain electron microscopy (Fig. 1B) in the top four fractions. SDS͞PAGE analysis of the proteins of the combined fractions still showed a rather complex pattern, although a 6-kDa protein was enriched (Fig. 1D, lane 2) . The amino-terminal sequence of this protein was established. The protein was identified as YscF, which is essential for secretion (29) . The needles were further purified by calcium-induced aggregation (Fig. 1C) . SDS͞PAGE analysis of the centrifuged aggregate showed the presence of only one protein, YscF (Fig.  1D, lane 3) . Furthermore, immunoblot analysis of the proteins in Lane 3 with antibodies specific to YopB and YopD showed no reactive bands (data not shown). Finally, matrix-assisted laser desorption ionization-time-of-f light analyses indicated that YscF, like PrgI of S. typhimurium (18) , was not posttranslationally modified. To investigate the function of the YscF needles, we used the contact hemolytic activity of the bacteria as a simple model system. As with S. flexneri (15) , contact hemolysis by Yersinia did not occur without centrifugation ( Fig. 2A) . A comparison of Yersinia wild-type cells grown under different culture conditions with plasmid-cured cells and with the yopD mutant strain showed that all bacteria with needles displayed hemolytic activity; whereas bacteria without needles were nonhemolytic (Fig. 2 A) . Isolated needles did not show any hemolytic activity in this assay (Fig. 2 A) .
We then attempted to determine whether hemolysis was caused by the needles or by the secretion of proteins during close contact with the erythrocytes. Bacteria were mixed with sheep RBCs, centrifuged, and either incubated at 37°C for 2 h and then resuspended or immediately resuspended without prior incubation. No difference could be detected in the hemolysis resulting from these different protocols (Fig. 2) . As secretion is strongly inhibited at room temperature, it was unlikely that hemolysis was due to secreted proteins (8) .
We then compared the hemolysis efficiency of bacteria with different numbers of needles, using wild-type cells that were cultivated in various DMEM-TSB mixtures. As can be seen in Fig. 2B , the cells with the highest number of needles induced the strongest response, whereas cells with a lower number showed reduced hemolysis (see also Fig. 6 ). To further demonstrate the link between needles and contact hemolysis, bacteria were treated with a blender to remove the needles. This short exposure to shear forces had no effect on the integrity and viability of the bacteria, as indicated by microscope and plating experiments (data not shown). However, the ability of the cells to induce hemolysis was reduced to 18% after blending for 5 s and was abolished after 20 s (Fig. 2B) . Examination of the cells after blending confirmed that after 5 s some needles could still be found, but that these were undetectable after the 20-s treatment (data not shown).
To further show that secretion was not involved in hemolysis, we repeated the centrifugation experiments with slight modifications. The centrifugation time was shortened from 10 min to 5, 2, 1, and 0.5 min, and the centrifugal force was doubled at each step. Under these conditions even the shortest centrifugation was able to induce about 60% of the maximal hemolysis (data not shown). Together, these results confirmed that an extremely brief interaction is sufficient to induce hemolysis and that the centrifugation of needle-bearing bacteria, not the secretion of proteins, is likely to account for the phenomenon.
Ultrastructural and Biochemical Analyses of the Bacterium-Erythrocyte Interaction. To study the interaction between the bacteria and the RBCs during contact-dependent hemolysis in greater detail, we examined the interacting cells by electron microscopy. Bacteria and RBCs were mixed and centrifuged, and the supernatant was carefully removed. The cell pellet was gently resuspended with a drop of water, causing rapid and complete hemolysis of the RBCs. The released hemoglobin was removed by centrifugation, and the RBC ghosts and bacteria were negatively stained. With this approach it was observed that the interaction of many bacteria with the RBCs was stable enough to withstand water-induced hemolysis (Fig. 3A) . Closer examination of the cell contacts showed needles piercing the RBCs membranes ( Fig. 3 B and C) . As each bacterium contained up to 100 needles, this multiple piercing could account for the observed contact-dependent hemolysis.
To clearly demonstrate that the YscF needles had pierced the RBC membranes, we examined the RBC ghosts after the bacteria had been removed from the RBC surface by suspension in cold PBS buffer. Under these conditions some of the needles were still found to be penetrating the membranes (Fig. 4 A and  B) . This association was confirmed by immunoblotting (Fig. 4C) . Lysed RBC membranes before (lane 1) and after (lane 2) contact with bacteria were analyzed by SDS͞PAGE. The separated proteins were immunoblotted with antibodies against the needle protein and various Yop proteins such as YopB, D, E, and H. The antibody against YscF detected a weak band with an apparent molecular mass identical to that of YscF (Fig. 4C, lane  3) , which was not detected before contact with the bacteria. No The hemolytic activity of the bacteria depends on the presence of the needles and an initial centrifugation step (wt 37°C BHIϪ, without centrifugation vs. wt 37°C BHIϩ, with centrifugation). Isolated needles and bacteria that did not form needles (growth in RPMI medium 1640, at 27°C, or the plasmid-cured WA-C strain) were nonhemolytic, whereas strains possessing needles (growth at 37°C in BHI, ⌬yopD mutant) induced hemolysis. (B) Yop secretion is not necessary for the induction of contact hemolysis. No difference in hemolysis was found when bacteria and RBCs were immediately resuspended without incubation at 37°C (wt 37°C BHI no incubation vs. wt 37°C BHIϩ). Hemolysis correlated with the number of needles present on the cells. Bacteria grown in media inducing higher numbers of needles showed higher hemolytic activity (see Fig. 6 ). The first number is % DMEM; the second number is % TSB; and the numbers in brackets are the numbers of needles per cell. Mechanical removal of the needles from the bacterial surface reduced or completely abolished hemolytic activity. All data show means and standard deviation of assays performed in quadruplicate.
bands that were reactive with the various Yop antibodies were detected (data not shown).
Finally, we used osmoprotection experiments to determine whether the size of the induced RBC lesions could be explained by the insertion of the YscF needles into the membrane (15) . For Y. enterocolitica it was found that lupeose (molecular radius Ϸ 1.2 nm) showed a significant protection against hemolysis, whereas the addition of polyethylene glycols with a molecular radius larger than 1.8 nm completely abolished hemolysis (Fig. 4D) . Based on these experiments, the inner radius of the pore was estimated to be Յ1.8 nm, a value that correlated well with the electron microscopically estimated inner diameter of the YscF needle. Together these data suggest that hemolysis was caused by the insertion of the needle into the RBC membrane.
The YscF Needle Is Hydrophobic. The ultrastructural interaction of the YscF needle with the RBC membrane after centrifugation prompted us to examine the needle's hydrophobicity. Although the amino acid sequence of YscF suggested a mostly hydrophilic protein, several assays clearly indicated that the needles had hydrophobic properties (30) . These properties were documented by the needles' exclusive partition into the hexadecane phase (Fig. 5A) and their tendency to aggregate in the presence of salt (Fig. 5B) . Interestingly, this aggregation involved the ends of the needles, the part of the structure that is inserted into the RBC membrane. Furthermore, the needles readily attached to hydrophobic surfaces such as latex beads (Fig. 5C ). Together, these data suggest that the needles are hydrophobic enough to insert into membranes.
The Role of Needles in the Cytotoxic Activity of Y. enterocolitica.
When Y. enterocolitica was added to HeLa cells, the bacteria started to adhere to the eukaryotic cells. This cell contact is thought to trigger the translocation of Yop proteins, a process that eventually leads to the death of the HeLa cells (1) . To study the role of the needles in this cellular response, we used bacteria grown overnight without needles. We added them to HeLa cells and incubated them for 4 h at 37°C in different media that induced the formation of various quantities of needles. Electron microscopy was used to check the quantity of needles while the cellular response of the HeLa cells was observed with a light microscope. The data in Fig. 6 show that the cytotoxic effect on HeLa cells (detectable as rounded cells) was proportional to the number of needles formed. Under conditions where no needles were induced, there was no cytotoxic damage (Fig. 6A) . With increasing formation of needles there was increasing cytotoxic damage to the HeLa cells (Fig. 6 B-D) . Most importantly, when bacteria with preformed needles were incubated with HeLa cells under conditions where no new needles were induced, there was no cytotoxic damage to the HeLa cells (data not shown). Hence damage can only be inflicted during the formation of needles, not by preexisting needles.
To strengthen the correlation between needle formation and cell damage, HeLa cells were grown on electron microscope grids and incubated with bacteria under needle-inducing conditions (Fig. 7A) . Within 30 min the bacteria had formed needles, which pierced the HeLa cell membranes (Fig. 7 B-D) . If bacteria and HeLa cells were separated by a 10-m-thick filter, no damage of HeLa cells could be observed, even though secreted Yops should readily cross the filter (data not shown and ref. 1).
Discussion
In this paper we demonstrate that Y. enterocolitica, like S. typhimurium and S. flexneri, uses short needle-like surface structures for protein translocation (14, 15) . These needles are hollow tubes with a length of 60-80 nm, an outer diameter of 6-7 nm, and an inner diameter of about 2 nm. Biochemical analyses show that all of these needles are formed by small homologous proteins (8) and that in Y. enterocolitica each needle was made up of about 200-300 copies of YscF. No proteins other than YscF were detected when the needles were purified by calcium-induced aggregation. Nevertheless, we cannot rule out the possibility that the needles contain proteins that are present in only a few copies per needle and therefore may have escaped detection. Moreover, additional needle proteins may have been lost during purification of the needles.
As YscF homologue proteins are present in all animal pathogenic bacteria but absent from plant pathogenic bacteria (8), we studied the functional significance of the needle for protein translocation. With the use of HeLa cells, we showed that preexisting needles could not inflict damage on the cells. Only when bacteria assembled new needles during contact with the HeLa cells was cytotoxic damage observed. These results indicated that the assembly of the needles was crucial for the translocation of proteins into the host cell. Thereby the needles formed a continuous conduit from the bacterial surface to the host cell cytoplasm for Yop secretion. Experiments with erythrocytes suggested that the physical force needed to puncture a membrane could also be generated by centrifuging needle-bearing bacteria onto erythrocytes. Thus our data support a model in which the needles in Y. enterocolitica and other pathogenic bacteria puncture the host cell membrane (Fig. 8) . According to this model, the bacteria attach tightly to the host cell surface with adhesion proteins such as YadA (8) . This host cell contact or chemical signals of the medium trigger the formation of new needles, which reach and puncture the host cell membrane. The needles possess all of the structural and biochemical features necessary for this function. First, the needles are hollow structures that allow the passage of small or partially unfolded proteins (Yops). This idea is supported by the observation that a N-terminal truncated YscF specifically abolishes the translocation of larger Yops such as YopB (42 kDa) and YopD (33 kDa) but does not impair translocation of smaller Yops such as the 23-kDa YopE (29) . As the inner diameter of the needles is certainly smaller in the truncated YscF mutant, the needles could mechanically impair the passage of larger proteins. Second, the needles are long enough to bridge the gap between bacterium and eukaryotic cell, which in thin sections is usually less than 40 nm (unpublished data). Third, the hydrophobic surface properties of the needles could explain the interaction of the structure with membranes. This conclusion is supported by the observation that YscF partially localizes to the RBC membranes after centrifugation and that the interaction of the needle with RBC and HeLa cell membranes can be visualized with an electron microscope. Finally, polymerization of YscF into needles could generate the force needed to puncture the membrane. Although we have not measured the force of needle protrusion in Y. enterocolitica, studies of pili in Neisseria gonorrhoeae suggest that a comparable molecular machine can generate substantial force and even mediate bacterial motility (31) . The similarity between these two systems is based on the conservation of certain key components. Both machines use homologous outer membrane proteins as channels for their pilus or needle, respectively (refs. 32 and 33; YscC in Fig. 8 ). In addition, both systems seem to be energized by related ATPases, which are localized in the inner membrane and the cytoplasm (refs. 8 and 34; YscN in Fig. 8 ). These ATPases provide the energy necessary for needle and pilus extension by a constant incorporation of new monomers into the growing structure. If this extension generates the force necessary for membrane penetration, it would explain why only animal pathogenic bacteria have needles. A structure such as the needle could hardly penetrate the much thicker plant cell walls. However, it has been suggested that a much longer pilus-like structure might play a role in protein translocation by plant pathogenic bacteria (35) .
In sum, our data provide evidence that the needle-like part of the type III secretion systems of animal pathogenic bacteria functions as a molecular syringe. Therefore, the bacteria need no proteins other than YscF to form a conduit for protein translocation into the host cell. Surprisingly, the basic principle of such an injection mechanism is widespread among life forms and is found in organisms as diverse as insects, snails, and fish. 
